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ABSTRACT

The absolute abundance of potassium has been determined for the first time from X-ray solar flare line and
continuum spectra. The absolute and relative abundances of Ar and S have also been determined. Assuming that
the flare plasma is coronal, and since potassium has the lowest first ionization potential (FIP) of any common
element on the Sun, this determination is of importance in the continuing debate concerning the nature of the
coronal/photospheric element abundance ratios, which are widely considered to depend on the FIP. The mea-
surements were made with the RESIK crystal spectrometer o8dhenas-Fspacecraft. A differential emission
measureDEM oc exp (—3T,) was found to be the most consistent with the data of three models considered. We
find that the K/H abundance ratio (8.7 = 1.0) x 1077 , a factor of 3 times photospheric. Our measured values
of the Ar/H ratio, (2.8 + 0.2) x 10°°, and of the S/H ratio2.2+ 0.4) x 10°® , are equal to previous coronal
and photospheric determinations to within uncertainties. These measurements therefore fitted a pattern in which
low-FIP elements are enriched in the corona by a factor of 3 but in which high-FIP elements (including S) have
equal coronal and photospheric abundances.

Subject headingsSun: abundances — Sun: corona— Sun: flares — Sun: X-rays, gamma rays

1. INTRODUCTION crystal spectrometers (A and B), each having a double position-
sensitive proportional counter that detects solar X-rays Bragg-
diffracted by two crystals. Each crystal is slightly bent convex
so that the Bragg conditiam\ = 2dsinf (whefiés the Bragg

In recent years, measurements of solar gamma-ray line emis
sion, solar energetic particles, and X-ray and ultraviolet line

emission have indicated that the coronal abundances of ele'angle,n is the diffraction order, and is the crystal lattice spac-

;T:)?grt'sc\(l)vrl(t)l’r‘wg)\grgrr?itglﬁglrzt%té%nc%?iggglrij(izgzﬁgtos?a\r?elrri]ctggun ing) varies across the crystal face. A spectrum from each of 'ghe
dances by a factor of about 3 but that high-FIP elements havefo,:J r w?vilcazngtrgrhangesl |1s_me|a3ureglo;/ elr aldatla—_geéthezrlng time
coronal and photospheric abundances that are approximatel'. erval of 2 s. “hannel 1 includes e —sni n E2s2p )
equal. This is the so-called FIP effect (Feldman & Laming |ne§, of He2-I|ke K (K xvm, AA3.532-3.571) and the by
2000). In this Letter, we report on measurements during long- (1S~ Su22P “P> 5,d _doublet of hydrogen-like Ar (Arxvi,
duration solar flares of X-ray lines emitted by potassium, argon, M3:731-3.737). Channel 2 includes thré;lsnl Ilges of He-
and sulphur ions, which, together with X-ray continuum mea- /1K€ Ar (Ar xvii, A\3.949-3.994) and thes®-1s3p 1s*1s4p
surements, allow both relative and absolute abundances of thesgeSonance lines of He-like S (&, A4.299 and\4.088, respec-
elements to be determined. Assuming the flare plasma to beflvely). Since RESIK has no collimator, the exact location of
coronal in origin, our determination of the absolute K abun- spectra}l _Imes in the detector range depends on the position of
dance is the first ever made. In addition, the abundance of K the emitting source on the Sun. For some flares, the $4.299
relative to Ar through line-to-line intensity ratios should be the line is outside the range of channel 2. Normally, the optical axis
best available since, unlike previous spectra, the lines are fairlyof RESIK lies within 3 of Sun center, and the dispersion di-
strong and were measured several times over periods of houréection varies with a timescale of months according to the space-
during the decay of each flare. This K abundance determinationcraft's orientation. ) .
is of importance in discussions of the FIP effect since potassium Several large flares observed in the first 18 months of RE-
has the lowest FIP of any common element on the Sun. TheSIK’s operation have detectablex¢ and Arxvi line emis-
elements K, Ar, and S represented in our spectra in fact havesion above the flare continuum, the first time these solar lines
a very wide range of FIPs (K: 4.34 eV, Ar: 15.76 eV, and S: have been seen. There is in fact only one other X-ray potassium
10.36 eV), allowing us to discriminate between various models line observation (of thds®*S 4s3p 'R line at 3.01)A0 our
of the FIP effect that predict different FIP dependences of the knowledge (Doschek, Feldman, & Seely 1985).
coronal/photospheric abundance ratios. An accurate sensitivity calibration of RESIK is still in pro-
The observations were made with the REntgenowsky Spek-gress. However, since the instrumental sensitivity is fairly con-
trometr s Izognutymi Kristalami (RESIK) instrument on the Rus- stant over the narrow wavelength range of each channel, we have
sian Coronas-F mission, launched on 2001 July 31. Table 1 been able, with assumptions about the flare emission’s temper-
summarizes instrumental details of RESIK, which is described ature structure, to find the Ar/K and Ar/S abundance ratios from
further by Sylwester et al. (2002) and J. Sylwester et al. (2003, the line flux ratios Kxvii/Ar xvir and Ar xvii/S xv, respec-
in preparation). The instrument consists of two uncollimated tively. Channels 1 and 2 observe the solar continuum with little
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TABLE 1
RESIK INSTRUMENT PARAMETERS
CHANNEL

PARAMETER 1 2 3 4
Wavelength rangeu()ﬂlvb ............ 3.37-3.88 3.82-4.33 4.31-4.89 4.96-6.09
Crystal and plane.................. Si 111 Si 111 Wartz 14 0 Quartz 10 0
2dspacing (A ..oeviiiiiiiie 6.27 6.27 8.51 8.51
Peak reflectivity (%) ............... 51 36 24 13
Rocking curve FWHM (mA) ...... 0.427 0.543 0.446 0.619
Spectrometer.............cooiiiinn. A B A B
Principal lines in range............ Arxvir, K xvim — Ar xvi, S xv S xXvI S xv, Sixiv, Sixm

2Wavelength ranges are for an on-axis source.
® For first-order diffraction.

or no instrumental background, enabling us to measure line-to-forms B and C are free parameters. Any temperature-depen-
continuum ratios from which Ar/H and S/H abundance ratios dent flux ratio of lines of the same element observed by
are derived. In this Letter, we report on these abundance deterRESIK can be used to determiffie  in model A afdn
minations and comment on their relevance to the FIP effect. models B and C. (The parameteris not determined.) The
Ar xvi lines are available for this, but the temperature de-
2. OBSERVATIONS AND ANALYSIS pendence is stronger for the ralRy, , defined by the sum of

) , . the fluxes in the Sk 1s*-1s3p and1s*-1s4p lines A\5.68,
RESIK spectra were recorded in 4-24 minute time blocks 5 40) divided by the flux in the Stiv 1s-3p line (\5.22).

separated by int_ervals betw_een afew mi_nutes _a_nd over an houlqy the isothermal model A, can be obtained by setting the
Four long-duration flares with .pea:ROESmtensmes of M or observed raticR; to the ratio of the summed contribution
larger were selected, where line fluxes were measured manynctions of the Sixiu lines G, to the contribution function

times over periods of hours. The flare with the best coverageg, of the Sixiv line evaluated al, . For nonisothermal mod-
occurred on 2002 July 26/27 with intermittent RESIK obser- g|s e.g., model BRy, is given l;y

vations from July 26 at 21:11 UT to July 27 at 04:06 UT. For

the other flares, all in 2002, RESIK observations covered the [GL(T)TS dT,
following times: April 14 22:30 UT to April 15 07:30 UT; July =T )
11 14:45-19:20 UT; July 22 23:20 UT to July 23 05:45 UT. JGo(T)TE dT,

Strong Arxvi and Sxv line emission was detected by RESIK ) . )

throughout these periods, but thexm lines were only ob- A corresponding expression applies to model C. We used the
served when the solar X-ray emission was ab6@ESclass ~ CHIANTI code (Dere et al. 1997; Young et al. 2003) to de-
C4, and Arxvin lines above M1. Total count rates in the line termineG, andG, with ionization fractiondl,/N(E)  from
profiles were determined by iteratively fitting the profiles with Mazzotta et al. (1998) and hence determie  as a function
Gaussians on a linearly sloping background. Gaussians are no®f 8. The contribution functions of Mewe, Gronenschild, &
strictly appropriate since the line profiles are a convolution of Van den Oord (1985) have a very similar temperature depen-
the true solar profile (thermal Doppler plus any nonthermal dence. For each RESIK data block, valuesTpf — @ndere
broadening) and an instrumental profile determined from pre- derived from the observe;,  according to the emission model
launch measurements to be non-Gaussian. However, the good@ssumed. .
ness of fit in each case had an acceptably small redyted so For the isothermal model A, we calculated expected ratios

that Gaussians are adequate in practice. from R,,, = G4(T.)/G,(T.), whereG, andG, are the contri-
We define a spectral line contribution functi®T,) by bution functions of the Axvir and Kxvi lines andT, is the

temperature derived froRy; . For models B and C, the expected
N, A, _ NH) N(E) Nipo N, Ay 0 Ar xvii/K xvi ratio is
N N, N(H) N(E)No, N’

whereN, is the number density (in units of cin ) of ions in
the upper energy level 2A,, is the spontaneous transition
probability from level 2 to the ground level (1)}, is the elec- Again, we used the CHIANTI code for the contribution func-
tron density,N(E)/N(H) is the abundance of element E with tions with the Mazzotta et al. (1998) ionization fractions and
respect to hydrogen, ard,,/N(E) s the fractional abundanceassumed coronal abundancés/H = 3.8 x 10° S/H=
of the emitting ion. 1.9x 10° and K/H = 4.7 x 107 taken from Feldman &
Taking the soft X-ray flare emission to be isothermal has Laming (2000) and Landi, Feldman, & Dere (2002). The atomic
sometimes been found to be a good approximation (Landi etdata for Kxvmr are not available in the literature, so we in-
al. 2003; Feldman et al. 2003), but an analysis with a tem- terpolated them from atomic data for other He-like ions in the
perature-dependent differential emission meabBl®I(T,) = CHIANTI database. (The kv data will be included in the
[ N2 dvdT, (where N, is the electron density and is the next CHIANTI release.) The contribution functions of Mewe
emitting volume) is likely to be an improvement. In our anal- et al. 1985) are different from these only by constant factors
ysis, we assumed three forms for the temperature distribution:corresponding to the cosmic abundances used in that work. If
(A) isothermal plasma with temperatule , (B)EM = models A—C accurately describe the flare’s temperature struc-
aT,?, and (C)DEM = «a exp (—8T,) , wherex and@ (>0) in ture, any differences between observed line flux rafgs

G(T.) =

Rexp = f DEM(T.)G,(Te)d T/ J DEM(T.)G,(To)dTe.  (3)
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Fic. 1.—RESIK spectra in all four channels, with lines indicated, for the Fic. 2.—(a) Total RESIK count rates (per second) in thex8 lines
period near the peak of the flare on 2002 July 26 at approximately 21:36 UT. (AN4.09, 4.30; summedilled circleg, Ar xvit w line (A3.95; plus sign$,
The wavelength ranges for each channel are given in Table 1. The broad featurénd Kxvin w line (A\3.53; triangles during the flare of 2002 July 26/27.
near the center of channel 3 near th&§ line is of instrumental origin. (b) GOES1-8 A X-ray light curves. ) RHESSI3—6 keV count rates (per
second). The count rates are corrected for different attenuator states but

K b . . h e icall not decimation levels (Smith et al. 2002), hence the sudden jumps at
(ta en to be count rate ratios since the sensitivity is practically 20:40 and 01:20 UT.d) Values of T, (in units of megakelvins) in the

constant within a RESIK channel) ail,, can be attributed isothermal model A filled circley and g (triangles in model C
to differences in the assumed element abundances. (DEM = const. exp {8T,). (€) Observed ¢rossey and expectedsquares

RESIK has pulse-height analyzers designed to accept solaygime £ Tt A0 e T e o o erossehand expected

H XVIL XV .

phOtonS but reject those pmduced by fluorescence of the CryStal S(iuare$ values of the Kxvmi/continuum ratio, with the continFl:um in
by solar X-rays. They allow RESIK channels 1 and 2 to observe ypits of counts A% The expected ratios inef(g) are calculated from
the solar continuum with little or no fluorescence contamination. model C and with coronal element abundances from Feldman & Laming
The analysis given above for line ratios has therefore also beer(2000).
done for line-to-continuum ratios, with expected ratios given by ) ] )
similar expressions but with temperature-dependent functionstroscopic Image(RHESSISmith et al. 2002) at 22:08 UT, which
describing the sum of free-free, free-bound, and two-photon con-marks the impulsive stage of the second flare. At this time, the
tinua. These were obtained from the CHIANTI code with the Sixi and other lines have profiles that are 10% wider. A similar
same set of abundances and ionization fractions as for the lindoroadening of soft X-ray lines has been observed on many pre-
analysis. The analytical expressions for the summed continuavious occasions at higher temperatures.flare images indicate
given by Mewe, Lemen, & van den Oord (1986) agree to better that the two X-ray peaks originated from the same active region,

than 1% with the CHIANTI values for the wavelengths and resulting in zero relative displacement of RESIK spectra. After
temperatures used here. 23:12 UT, the RESIK line intensities showed a decline lasting

several hours. The Axvin line doublet was measurable from
July 26 21:22 to 23:23 UT, but other lines, including thexi
and Sixiv lines from whichT, and3 in emission models A—C
We discuss results from the large flare of 2002 July 26/27 are determined, were measurable till July 27 04:06 UT. The
in detail since the data coverage for this event was the mostslowly cooling nature of the emitting plasma is indicated by the
extensive of the flares analyzed. The first maximum occurredvalue of T, in model A (a decline from 16 to 7 MK), by value
in GOESlight curves at July 26 21:12 UT at the M9 level, of 8 in model B (an increase from 0.8 to 4.5), and by the value
and a second maximum occurred at July 26 22:18 UT at M5.5. of 8 in model C (an increase from 0.05 to 0.6).
There are eight intervals, from 5 to 21 minutes long over the  The mean of the observed Avm/K xvi count rate ratios
period July 26 21:11-July 27 04:06 UT, when RESIK spectra from RESIK channel 1 (Fig.& divided by the expected values
were recorded and line fluxes could be measured so that eleis 1.7 + 0.5 for model A, 0.6+ 0.2 for model B, and.3+
ment abundances could be repeatedly determined. Figure 10.1for model C (uncertainties are standard deviations). The mean
shows an example of a RESIK spectrum in all four channels. of the observed Axvi/S xv ratios from channel 2 (Fig.fp
During the longer intervals, spectra were summed over two or divided by the expected ratios 8.9+ 0.2  for model A,
three subintervals when the strength of lines permitted this. 0.7 + 0.1for model B, and0.8+ 0.1 for model C. These factors
From these spectra, total count rates in theofu Ly« doublet do not show any significant trend with time, indicating that there
(AN3.731-3.737), the Sv lines \N\4.088, 4.299), the Kvin is no time dependence of abundances. As indicated earlier, these
w line (A3.532), and neighboring continua were determined. differences can be directly related to required adjustments in the
Figure 2 shows the measured and derived parameters as abundance ratios since each pair of lines is observed in the same
function of time through the 2002 July 26/27 flare. The caption RESIK channel. The different models therefore lead to different
gives details. The double-peaked nature of the flal@@ESis results, particularly for the Ar/K abundance ratio.
not obvious from the light curves of the RESIK lines (Fig) 2 Some discrimination as to the correctness of the three models
because of a gap in the data between 22:09 and 23:12 UT thais provided by the consistency of the Ar/H abundance ratio,
includes the peak of the second flare. A spike in hard X-rays which is determined by both the Arvii/continuum and the
was recorded by thReuven Ramaty High Energy Solar Spec- Ar xvi/continuum ratios, measured in RESIK channels 1 and

3. RESULTS AND CONCLUSIONS
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2, respectively. The fluorescence contribution for this flare is form DEM = const. exp {fT,), results in the most consistent
estimated to be 3.2% of the continuum for channel 1 and 0.2%line/continuum ratios. This being the case, we find a value of
for channel 2. Corrections for these small amounts were madethe K/H abundance ratio that is only 10% less than that of

to measured line-to-continuum ratios. For model C, the ob-

served Ar xvi/continuum ratios (omitting two values for
which the Arxvi line is very weak) are less than the expected

Doschek et al. 19854.2 x 107 ) based on a single measure-
ment of an argon/calcium line ratio from tl&/78 spacecraft
spectrometer and an isothermal assumption. It is 21% less than

values by a factor 02.5 + 0.7 standard deviation (s.d.), and the EUV quiet-Sun measurement of Landi et al. 2002; 4.7
the Ar xvir/continuum ratios are less than the expected values10 7). Both these determinations agree with our value to within

by a factor ofl.4 + 0.1 s.d. (the smaller uncertainty reflecting
the strength of the Akvil lines; see Fig. 1). For model A, the

observed Arxvii/continuum ratio is a factor of 3 more than

the expected value, and the observedxAr/continuum ratio

our estimated uncertainties=R7%). However, our value is a
factor of 3 more than the photospheric abundance (Takeda et
al. 1996).

The model C value of the S/H abundance ratio, (2.2

a factor of 1.5 less than the expected. For model B, the observed.4) x 107°, agrees within uncertainties with the coronal value

Ar xvii/continuum ratio is a factor of 4 less than the expected,

and the observed Axvi/continuum ratio is approximately

of Feldman & Laming (2000) and the photospheric value of
Grevesse & Sauval (1992.1 x 10°° ) but is a factor of 2.8

equal to the expected. The differences are due to the fact thatnore than the value of Fludra & Schmelz (1999) fr¥imhkoh g4

the Ar xvir Lya line contribution function has an extended
high-T, tail that theT, dependence of model B ) tends to
exaggerate relative to model @Xp (—3T,) ] but that an iso-

X-ray line/continuum measurements. We take the value of the
Ar/H abundance ratio to be that determined from thextn/
continuum ratio(2.8 = 0.2) x 10°® (the small uncertainty re-

thermal model A ignores. The greater consistency of resultsflecting the high intensities of the Axvi lines), since it is
from model C indicates that it is a better approximation to the more reliable than that from the more uncertainxAmi/con-

differential emission measure of this flare than model A or
model B.

Using model C and well-measured line/line and line/contin-
uum ratios, we found the following abundance ratios: A#K
43+ 15 Ar/fS=0.15+ 0.03; ArrH= (1.5+ 0.4) x 10°
(from Ar xvir/continuum); Ar/H= (2.8 = 0.2) x 10 °(from
Ar xvi/continuumy); K/H= (3.7 = 1.0) x 10’ ; and S/H=
(22 + 0.4) x 10°

tinuum ratio. It is slightly higher than the solar energetic par-
ticles value [R2.1+ 0.3) x 10°°; Reames 1998] and equal
within uncertainties to the value from an impulsive flare thought
to have photospheric abundancé&9 + 1.1) x 10° ; Young
et al. 1997; Feldman & Laming 2000]. It should be pointed
out, in view of the possibility of varying abundances during
flares (Sylwester, Lemen, & Mewe 1984), that our results refer
specifically to long-duration flares only. With this proviso and

For well-determined measurements during the flares of April the assumption that the flare plasma was coronal in origin, our
14/15, July 11, and July 22/23, very similar abundance ratios K, Ar, and S abundances fit a pattern in which low-FIP elements
(at most 30% different from the above values) were obtained are enriched in the corona by a factor of 3 over the photosphere,

with the exception of ratios involving sulphur (S/H and Ar/S)
in the flares of April 14/15 and July 11 for which the sulphur

but with high-FIP elements (including S) having coronal and
photospheric abundances equal to within estimated uncertain-

abundance was found to be about a factor of 2 lower. For bothties. It rules out the possibility that coronal/photospheric en-

these flares, the Sv 1s-1s3p line is outside the range of

hancements steadily increase with decreasing FIP, as might be

RESIK channel 2 owing to the position of the flare on the Sun deduced from Figure 13 of Feldman & Laming (2000).

relative to the crystal dispersion direction. Analysis of a channel
1 spectrum summed over 4 minutes at 22:04 UT during the

July 26 flare, showing not only the Kvir and Ar xvi lines
but also the Sv1 Lyé line at 3.69 A provides independent
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Research Council Research Associateship award at NASA
Goddard Space Flight Center. J. S. and B. S. acknowledge
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